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Abstract 
The automotive industry has increased significantly in the later years the consumption of magnesium based alloys for the 
manufacture of automotive parts. This metal is mainly applied in carcasses, panels, rims and wheels. Most of the parts are 
castings that must be machined in certain areas to achieve the required dimensional tolerances. As a result, machining 
shavings contaminated with mineral oil are originated, and must be recycled to recover the metal. In this process, certain 
precautions should be taken because of the oil contamination of the chips and the great reactivity of magnesium. 
This study investigates the recycling of magnesium shavings of the alloy AZ91 (MgAl9Zn1) by using a fusion procedure 
that is carried out under an inert gas atmosphere of argon, and using small amounts of salt fluxes. 
The results show significant percentages of metal recovery. However, the metallographic structure of the recycled alloys 
reveals the presence of pores and non-metallic inclusions and the chemical compositions fall outside the ranges specified 
by the standard. 
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1. Introduction 
At global level more than 50 million vehicles are produced per year. Since 90’s, when magnesium was 
introduced by the manufacturers in order to reduce car`s weight, this metal has had a growing presence. 
Magnesium has good mechanical strength with a density 33% lower than aluminum’s and 77% lower than 
steel’s. These characteristics allow important savings of weight that redounds in a reduction of the 
consumption of fuel and of the emissions per kilometer traveled by the vehicle. At present, many individual 
components such as wheels, gearboxes, instrument panels, some parts of the seats, ailerons and reflectors are 
built with magnesium alloys, Luo, 2002. 
The interest in recycling magnesium has increased in the recent years. Several types of scrap have been 
classified as shown in Table 1. The classification is based on the cleanliness degree and the relative recycling 
difficulty, Hanko, 2002. 
Table 1. Classification of magnesium scrap 
Type Scrap Description Problems in the recycling 
1 A Clean scrap in large pieces Does not present major problems 
1 B Clean scrap with high relation surface weigh Losses by oxidation 
2 Clean scrap contaminated with aluminum or iron Contains Fe and Si 
3 Clean small size  scrap  without shavings High surface, contains oxides 
4 Slag and fat foams  Contains oxides and iron 
5 Painted or protected Loss by fusion. Contains Fe, Si, and Ni 
6 Oil contaminated machine shavings   Loss by melting, contains oxides 
7 Contaminated residues from recycling magnesium High percentages of oxides, chlorides, fluorides 
 
Magnesium recycling can be performed without problems when the metal comes from massive pieces of 
scrap, if possible clean and dry. The equipment and methods used in these cases are the conventional ones for 
metals re-fusion, such as indirect heated crucible melting furnaces, using small amounts of salt fluxes to clean 
and protect the liquid metal. An alternative to that is the use of protective gases such as SO2 or SF6 from 
which sulfide of magnesium is formed and it protects the metal from the subsequent oxidation. However, 
these gases have the disadvantage of being toxic, that is the case of SO2, or harmful to the environment, like 
SF6, Ferreira Furtado, 1999. 
Recycling possibilities are seriously compromised in small-sized and dirty scrap as is the case of 
machining shavings. Besides, the odds of reaction with the atmosphere increase causing losses of metal by 
oxidation and eventually, accidents by fire. 
Machining shavings normally reach the recycling circuit with 2 to 8% mineral oil that makes it difficult to 
recycle. The oil burned in the process of fusion generates gases that are trapped in the liquid metal and the 
pores that appear in the recovered metal reduce the toughness of the alloy. Therefore, it is necessary an 
efficient shavings cleaning before performing the fusion processes. 
Most of the shavings look like lamellae of small thickness. Approximately 50% of them have a size 
between 0.5 to 4.0 mm. The remaining ones are smaller than 0.5 mm. Previous studies on this type of scrap 
indicated the desirability of its recycling under salt fluxes to protect the metal during the melting process, 
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Lucci, 2010. Other studies have shown the difficulty of carrying out recycling through protective atmospheres 
of nitrogen gas and recommend the use of other inert gases such as argon, Manfredi, 2003. 
2. Experimental procedure 
Before conducting the fusion trials, the chips were washed with a non-ionic biodegradable detergent to 
eliminate the oil remaining as much as possible with low environmental impact. After a drying stage in a 
stove at 120° C for 1 hour to remove the moisture, the shavings were compacted in a hydraulic press to form 
briquettes in order to decrease the exposed surface. 
The fusion experiments were performed in a low carbon steel melting crucible covered with a hood, placed 
in an electric resistance furnace. Fig 1 shows a schematic diagram of the experimental arrangement. 
The charge was prepared with 400 g of magnesium briquettes and 5 to 10% salt fluxes, in order to facilitate 
the liquid metal cleaning and to promote the formation of slag. Table 2 shows the chemical composition of the 
salt fluxes. 
Table 2. Chemical composition of salt fluxes 
KCl (%) MgCl2 (%) BaCl2 (%) CaF2 (%) 
55 34 9 2 
 
 
 
Fig. 1.  Scheme of the melting furnace 
The charged crucible was introduced into the furnace. Its mouth was covered by a lid and argon was 
injected with a flow rate of 5 l/min through a pipe, as show in Fig 1. In a few minutes the charge reached the 
working temperature, 800 °C. Once the charge was completely molten, the flow rate of the gas was reduced to 
3 l/min and the furnace lid was removed to perform a manual agitation of the metal. Later on, two different 
methodologies of operation were employed in order to observe variations in the recovery percentage and the 
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metal properties. In the first method, the metal was cast without previous liquid bath skinning, allowing the 
slag to protect the metal during the cast (WOS). In the second method, the liquid bath was skinned before 
casting (WS). 
In addition, for comparison purposes and to obtain a high recovery with low loss of metal, large and clean 
pieces of casting parts of AZ91 alloy, from which the shavings used in the re-melting experiments were 
obtained, were re-melt (RM). The working conditions during this re-melting were identical to those used in 
the shavings recycling. Approximately 50 minutes were necessary to obtain the liquid metal in the right 
condition to be casted. The metal was cast into 160 x 70 x 30 mm uniform thickness cast iron moulds at room 
temperature. The obtained ingots’ dimensions were adequate for the samples extraction to analyze the 
chemical and mechanical properties. 
3. Results and discussion 
3.1. Metal recovery 
The metal ingots obtained were weighted to determine the recovery percentage. Table 3 shows the average 
results obtained with the different techniques used. A high recovery rate was observed in the re-melt process 
of the original alloy. The lowest recovery was obtained when the liquid bath was skinned before casting. 
These may have been due to the liquid metal retained in the slag during skinning and the losses by oxidation 
caused by contact with oxygen from air. 
Table 3. Alloy percentage recovered using different techniques of fusion 
Recycling technique RM WOS WS 
Alloy recovered (%)* 95 75 66 
*Average values of 10 measurements. 
3.2. Metallographic analysis 
Samples for micro and macrographic examination were prepared from the ingots. Fig 2 shows 
macrographs of polished cross sections of the ingots. Ingots from RM alloys do not exhibit porosity and large 
size inclusions. The WS alloys show many pores and non-metallic inclusions, probably due to the insufficient 
cleaning of the liquid metal. On the other hand, the WOS alloys show a considerable lower amount of pores 
and inclusions. 
 
       
Fig. 2. Polished cross sections of ingot of (a) RM; (b) WOS; (c) WS. 
Fig 3 shows micrographs obtained by scanning electron microscopy (SEM). In all of them the 
characteristic cast dendritic structure of the AZ91 alloy can be appreciated. The microstructure of the RM 
alloys almost does not present micro-porosities and inclusions. In the WS alloys recycled from shavings, 
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microstructure shows the presence of small amounts of inclusions and micro-porosities. On the other hand, in 
WOS alloys, a large amount of inclusions and micro-porosities is found. 
 
 
   
Fig. 3.  SEM micrographs of (a) RM; (b) WOS; (c) WS. 
3.3. Chemical analysis 
The chemical composition of the ingots was measured by using a spark emission spectrometer. Table 4 
shows the average values obtained for the alloys recycled by the different techniques and also the composition 
specified by standard, DIN EN 1753, 1997. 
Table 4. Chemical composition of recycled alloys and that specified by standard   
Alloy 
Elements (min. - max.) weight % 
Al Zn Mn Fe Si Cu Ni Others Mg 
Specified by DIN EN 1753**   8.5-9.5 0.45-0.90 min. 0.17 0-0.004 0-0.05 0-0.025 0-0.001 0-0.01 Rest 
RM* 6.73 0.59 0.23 0.016 0.053 0.012 0.002 0.02 92.35 
WS*  8.97 0.62 0.24 0.017 0.299 0.119 0.002 0.02 89.71 
WOS*  9.63 0.64 0.22 0.016 0.370 0.129 0.015 0.01 88.97 
* Average values of 10 measurements. 
** Chemical composition of AZ91 magnesium alloy ingots.  
In all cases, the recycled alloy compositions fall outside the ranges specified by the standard. Probably 
some of the main causes could be: 
x Magnesium loss by oxidation increases the content of the rest of the elements in the alloy. 
x Contamination of liquid metal with the low carbon steel crucible increases iron content. 
3.4.  Analysis of the mechanical properties 
Mechanical tests were carried out from the obtained ingots. Samples for tests were extracted from macro-
defects free zones. Table 5 presents average values obtained from different ingots. 
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Table 5. Mechanical properties of ingots alloys and that specified by DIN EN 1753   
Alloy 
Mechanical properties (min.) 
sm [MPa] s0,2 [MPa] A [%] HB Charpy [J] 
Specified by DIN EN 1753**   160 90 2 50-65 3-6 
RM* 133 67 1.13 46 2.8 
WS*  122 54 1.07 42 2.4 
WOS *  119 51 1.06 41 1.4 
* Average values of 10 measurements 
** Mechanical properties of permanent mould cast of AZ91 magnesium alloy.  
The mechanical properties obtained in recycled alloys are below the specifications of the standard. These 
low values can be attributed to the presence of micro-porosities and non-metallic inclusions, as well as to the 
chemical imbalances in the alloying elements. 
4. Conclusions 
x The fusion techniques studied are efficient for magnesium alloys recycling as it allows the metal recovery 
in significant percentages. 
x The macrographic and micrographic structure of the recycled alloys reveals the presence of macro and 
micro-porosities as well as non-metallic inclusions. 
x In all cases, the recycled alloy compositions fall outside the ranges specified by the standard. 
x It is necessary to investigate in further studies the conditions which diminish the level of pores and 
inclusions as well as the techniques to keep the chemical composition within acceptable ranges and to 
increase the efficiency of the recycling process. 
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